Specific delayed skin reactions developed after intradermal injection of Salmonella typhimurium lipopolysaccharide in 12-week-old calves which had been orally infected with S. typhimurium 5 weeks earlier. Uninfected calves showed no delayed skin reactions. Skin biopsies from skin swellings showed a massive infiltration of mononuclear cells in the dermises of infected calves but not in those of uninfected calves. Persistence of infection in infected calves was confirmed by isolation of S. typhimurium from fecal specimens. The delayed skin reactions could be shown to be specific and directed against the O-polysaccharide chain of the lipopolysaccharide since none of the lipopolysaccharide preparations from a rough mutant of S. typhimurium, two strains with different 0-polysaccharide chains, or lipid A elicited skin reactivity. To cause a reaction, the 0-polysaccharide had to be in a macromolecular complex, since skin swellings were seen only after injection of either 0-polysaccharide chains cross-linked by 1,2,3,4-diepoxybutane or octasaccharides from the 0 chain covalently linked to a straight 12-carbon aliphatic chain forming an artificial glycolipid. Injection of pure octasaccharides of 0-polysaccharide chains failed to elicit delayed skin reactions.
Specific delayed skin reactions developed after intradermal injection of Salmonella typhimurium lipopolysaccharide in 12-week-old calves which had been orally infected with S. typhimurium 5 weeks earlier. Uninfected calves showed no delayed skin reactions. Skin biopsies from skin swellings showed a massive infiltration of mononuclear cells in the dermises of infected calves but not in those of uninfected calves. Persistence of infection in infected calves was confirmed by isolation of S. typhimurium from fecal specimens. The delayed skin reactions could be shown to be specific and directed against the O-polysaccharide chain of the lipopolysaccharide since none of the lipopolysaccharide preparations from a rough mutant of S. typhimurium, two strains with different 0-polysaccharide chains, or lipid A elicited skin reactivity. To cause a reaction, the 0-polysaccharide had to be in a macromolecular complex, since skin swellings were seen only after injection of either 0-polysaccharide chains cross-linked by 1,2,3,4-diepoxybutane or octasaccharides from the 0 chain covalently linked to a straight 12- carbon aliphatic chain forming an artificial glycolipid. Injection of pure octasaccharides of 0-polysaccharide chains failed to elicit delayed skin reactions.
It is generally accepted that Salmonella infections elicit both cell-mediated and humoral immune reactions (5) . Several investigators have used delayed types of hypersensitivity skin or footpad tests to demonstrate cell-mediated immune reactions directed against Salmonella spp.
(1, 4, 16). The test antigen preparations used in most of these experiments were crude bacterial extracts, making it difficult to evaluate which component(s) elicited the antigenic activity (1, 4, 17) . Recently, we reported that such crude extracts of whole Salmonella bacteria, upon intradermal injection in Salmonella-infected cattle, elicited a local delayed type of skin reaction. The observation that the infected cattle reacted mainly against the 0-antigenically homologous crude bacterial extract suggested that the delayed skin reactions largely depended on the bacterial 0-antigens (J. A. Robertsson Sci., in press).
The 0-antigenic determinants reside in the 0-polysaccharide chain of the lipopolysaccharide (LPS) of the bacterial outer membrane (9) (for structure, see Fig. 1 ). The endotoxicity of LPS is associated exclusively with its lipophilic moiety, lipid A (9) . The multitude of toxic and immunological activities displayed by complete LPS not only causes problems in assessing the practical use of a skin test, but also obscures the evaluation of against which antigenic determinants the immune reaction is directed. In the present communication we report that at least part of the delayed skin reactivity seen in Salmonella typhimurium-infected calves is directed against the 0-polysaccharide chain, and that artificial saccharide preparations devoid of endotoxic activity can be prepared and used as test antigens.
MATERIALS AND METHODS Bacterial strains. S. typhimurium strains SH4809 (O antigens 4,5,12) and TV160 and Salmonella sp. serotype thompson strain IS40 (O 6,7) were available from previous investigations (24, 25) . S. typhimurium SVA44 (O 4,5,12) was from the strain collection of the National Veterinary Institute, Uppsala, Sweden. This strain was originally isolated from infected cattle and was used for the experimental infection of calves.
Preparation of LPSs, 0-polysaccharides, lipid A, oligosaccharides, artificial glycolipids, and oligosaccharide-protein conjugates. LPSs were extracted, using phenol-water, from batch-grown cultures of formaldehyde-killed bacteria and then purified as described previously (12) . Partially delipidated LPS was prepared by hydrolyzing phosphate bonds and fatty acid ester linkages in the lipid moiety of the LPS with sodium hydroxide (0.15 M, 100°C, 2 h). After centrifugation, the pH was adjusted to 3.5, and free fatty acids were removed by repeated chloroform extractions. After the pH was adjusted to 7.0, the partially delipi- dated LPS was extensively dialyzed against water and, finally, lyophilized. 0-polysaccharide from S. typhimurium SH4809 was prepared by weak acetic acid hydrolysis (1%, 100°C, 1 h) of the corresponding partially delipidated LPS. This treatment selectively hydrolyzes the 2-keto-3-deoxy-D-manno-octulosonic acid glycosidic bonds within the core oligosaccharide portion and thus yields the 0-polysaccharide side chain with the adjacent core oligosaccharide. After being cooled to room temperature, the reaction mixture was extracted with chloroform, and the collected water phase was extensively dialyzed against distilled water and lyophilized. The final 0-polysaccharide preparation contained less than 0.04 pLg of lipid A and less than 0.01 p.g of protein per mg of 0-polysaccharide as estimated by analysis of the content of ,-hydroxymyristic acid (10) and by the method of Lowry et al. (14) , respectively.
Octasaccharide specific to S. typhimurium 0-antigens 4 and 12 ( Fig. 1B) and the same octasaccharide covalently linked to bovine serum albumin (BSA) (degree of substitution, 20 mol/mol of BSA) were available from previous work (23) .
Crude lipid A was prepared by weak acidic hydrolysis of smooth Salmonella LPS as described previously (16) .
The purity and structure of each LPS, polysaccharide, and oligosaccharide preparation were checked by sugar analysis, methylation analysis, 'H-and '3C-nuclear magnetic resonance spectrometry.
Sugar analyses were performed by gas-liquid chromatography (GLC) on alditol acetates as described earlier (20 The methylation analyses were done as previously described (13) . After the saccharides were methylated, they were hydrolyzed, reduced, and acetylated, and the different permethylated sugars were identified as their alditol acetates by GLC and by GLC direct mass spectrometry. Separation of the partially methylated alditol acetates by GLC was done with a Perkin-Elmer model 990 instrument with a glass column (200 by 0.3 cm) containing 3% OV-225 on Gas-Chrom Q (100/120 mesh). For GLC mass spectrometry a Perkin-Elmer 270 gas chromatograph mass spectrometer, fitted with an OV-225 column, was used.
The 99.55-mHz proton and the 22.05-mHz 13C nuclear magnetic resonance spectra (for solutions in D20) were recorded in the Fourier transform mode, using a Jeol Fx-100 instrument. Chemical shifts were estimated by using external tetramethylsilane as a standard. The spectra were in all instances in accordance with the postulated structure. Figure 2 shows a typical proton nuclear magnetic resonance spectrum of an S. typhimurium octasaccharide. Signals were obtained inter alia at 84.9 to 5.4 (cx-anomeric protons), 82.0 to 2.2 (H-3 of abequosyl groups), and 81.2 to 1.5 (H-6 of abequosyl groups and L-rhamnosyl residues).
Covalent cross-linking of the S. typhimurium SH4809 0-polysaccharides (O 4,12) into large insoluble complexes was achieved by reacting 20 mg of the purified sodium borohydride-reduced S. typhimurium 0-polysaccharide dissolved in 3 ml of sodium hydroxide (0.01 M) with 1,2,3,4-diepoxybutane (300 ,ul; Merck, Darmstadt, West Germany) at room temperature overnight. The subsequently cross-linked 0-polysaccharide complexes were pelleted by low-speed centrifugation ( blocked by the addition of 5 ml of 0.5 M ethanolamine (Merck) at room temperature for 2 h. The cross-linked O-polysaccharide complexes were pelleted by centrifugation as above, and after extensive washings with distilled water, the material was lyophilized.
The artificial glycolipids were prepared by covalent linkage of the S. typhimurium octasaccharide by means of its p-isothiocyanato-phenethylamine derivative to dodecylamine as described elsewhere (S. B. Svenson, manuscript in preparation) (Fig. 1C) . The lactosyl glycolipid (Fig. 1D ) was prepared by reacting the p-isothiocyanatophenyl-3-glycoside of lactose with dodecylamine (S. B. Svenson, in preparation). The purity of these synthetic glycolipids was ascertained by thin-layer chromatography.
Experimental animals and infection procedure.
Calves (male and female), 6 Bacteriological examination. The fecal samples were enriched in tetrathionate (11) and selenite broth (Oxoid CM395) for 18 h at 37°C, subcultured on brilliant green agar (Difco Laboratories; B285), and incubated for 18 h at 37°C. Suspect Salmonella colonies were tested by conventional biochemical and serological procedures (11) .
Estimation of delayed skin reactions. The skin of the sides of the upper neck was depilated, and injection sites were marked. The double skin fold thickness was measured with slide callipers at each of the injection sites before inoculation (average thickness, 4 to 7 mm) as well as 6, 12, 24, 48, and 72 h after intradermal injection of 0.2 ml of the various antigen preparations. All of the reagents injected were coded and were unknown to the examiner measuring the double skin fold thickness. The optimal antigen doses of the LPS preparations for skin testing were estimated as de- Transfer of serum. On day 37, 1,000 ml of blood was collected from each of two calves (proven excretors) experimentally infected with S. typhimurium SVA44. Serum was obtained after clotting at 40C for 3 h followed by centrifugation (500 x g, 45 min, 4°C). The supernatant was filtered (Millipore GSWP, 0.22 ,um).
The serum volumes obtained were 220 and 205 ml, respectively, for the two calves. The sera were given intravenously to two control calves, 11 ; *l s * X^~~~~~~~~~~~~~~~~~~~~~~~~~~~~~õ btained by acid hydrolysis of the LPS, or an octasaccharide preparation (Fig. 1) Purity of artificial glycoconjugates. It could be argued that the skin reactivity seen after injecting the 0-antigen-containing preparations was a consequence of contamination with proteins, i.e., porins and other Salmonella proteins. The following characterizations of the antigens exclude the possibility that proteins caused the skin reactivity. (i) The S. typhimurium SH4809 O-polysaccharide used for cross-linking with 1,2,3,4-diepoxybutane contained <0.01 pLg of protein per mg as estimated by Lowry et al. (14) . Moreover, the work-up procedure of the polysaccharide involves boiling for 2 h in 0.15 M sodium hydroxide and for 1 h in 1% acetic acid (pH 3.5). (ii) The S. typhimurium SH4809 octasaccharide was prepared from the 0-polysaccharide mentioned above by enzymatic hydrolysis. The dialysis procedure excludes globular proteins of >molecular weight 8,000. In the gel and the high-pressure liquid chromatographic purification steps, in which the elution profiles were monitored by changes in refractive index, only the octasaccharide with a molecular weight of approximately 1,250 could be detected. Furthermore in both the 'H- (Fig. 2) and 13C-nuclear magnetic resonance spectra (data not shown) no signals which could be attributed to low-molecular-weight proteins were detectable. (iii) The octasaccharide-octyl glycolipid conjugate was in turn purified, using thin-layer chromatography.
The following biological data also argue against the possibility that even trace amounts of proteins caused the observed skin reactions: (i) the S. typhimurium 0-polysaccharide or the octasaccharide in nonconjugated form failed to elicit any skin swelling (Table 1 ) and (ii) the strict 0-antigenic specificity of the skin reactions (Table 1) would not have been observed if they were caused by contaminating proteins (porins, ribosomal proteins, etc.) which are known to be common to various Salmonella species.
Histological examinations. Biopsy samples from the injection sites with and without developed skin swellings were taken at various times after injection and examined microscopically. In the biopsies from skin swellings elicited by S. typhimurium SH4809 LPS (O 4,12), a massive infiltration of mononuclear cells (as lymphocytes and histiocytes) was seen (Fig. 3, plates A through E). The number of invading cells in dermises increased during the 72-h period studied. Biopsies from sites on the same calves injected with artificial S. typhimurium octasaccharide glycolipid (O 4,12) showed a similar mononuclear cell infiltration, although not as massive as that seen with the LPS (Fig. 3, plate  F) . Both histologically and by time course, this reaction has the characteristics of a delayed hypersensitivity (DHS) reaction (6, 15, 26) .
In biopsies from four uninfected calves, no similar reactions were observed at any time (Fig.  3G) . Most calves, both infected and uninfected, developed oedematous reactions within the first 12 h. We attribute this reaction to an unspecific irritation of the dermis by lipid A and the detergent-like properties of the synthetic glycolipids.
Humoral antibody response. The humoral antibody response, measured with a conjugate detecting immunoglobulin G (IgG) and IgM antibodies, in calves infected with S. typhimurium SVA44 was estimated by ELISA, using LPSs from S. typhimurium SH4809 (O 4,5,12) and Salmonella sp. serotype thompson IS40 (O 6,7) as coating antigens (Table 1 ). The mean endpoint titer against the S. typhimurium LPS was 50,000 (range, 5,000 to 150,000) in sera collected on days 30 to 35 (before testing the skin reactivity). In sera collected before the calves were infected and in sera collected from uninfected controls, no titers above 500 were seen. Likewise, no titers above 500 were seen in any sera when LPS from Salmonella sp. serotype thompson was used as antigen. The increase in humoral antibody response in the infected as compared with the uninfected calves measured against the S. typhimurium LPS was highly significant (0.0025 < P < 0.005). It is evident that the humoral antibody titers did not correlate with the DHS reactions seen (Table 1) .
Passive serum transfer experiments. One liter of blood was collected from each of two calves (numbered 17 and 18) on day 37. Serum obtained after clotting, centrifugation, and filtration (to remove leukocytes and bacteria) was on the same day injected intravenously into uninfected calves (numbered 39 and 40) ( Table 2 ). These calves were tested for DHS by injection of three test substances 2 h later. Although titers against the S. typhimurium LPS could be estimated in sera collected in the transfused calves (2 h and 2 days after the transfusion), these calves did not respond with delayed skin reactions. (O 4,12), (ii) O-polysaccharide chains of S. typhimurium (O 4,12) cross-linked by 1,2,3,4-diepoxybutane, and (iii) octasaccharide from S. typhimurium (O 4,12) covalently linked to a straight 12-carbon aliphatic chain forming an artificial glycolipid elicited a skin reactivity of a highly significant degree which, by histological examination, was classified as a DHS (Table 1 , Fig. 3 ., plates A through F). Injection of (i) isolated S. typhimurium octasaccharide (O 4,12) or polysaccharide (O 4,12) chains, (ii) octasaccharide covalently linked to BSA, (iii) LPS from the rough S. typhimurium TV160 or from the smooth strains S. enteritidis SH1262 (O 9,12) and Salmonella sp. serotype thompson IS40 (O 6,7), or (iv) lipid A from S. typhimurium SH4809 (O 4,5,12) failed to elicit that delayed skin reactivity (Table 1 ; Fig. 2 ., plate G). This demonstrates that the observed reactivity was directed against 0-antigen determinants in the 0-polysaccharide chain in S. typhimurium (O 4,12) .
However, the 0-polysaccharide chain must be presented (i) in such a way that a high local density of antigen epitopes is maintained (19, 21) . This could be achieved by preparation of an aggregated form of the 0-polysaccharide (e.g., the 1,2,3,4-diepoxybutane cross-linked 0-polysaccharide) or (ii) by preparing "sticky" molecules which tend to aggregate and stick to other structures by hydrophobic interactions (e.g., LPS or the artificial glycolipid). This statement was supported by the observation that the octasaccharide-BSA conjugate, either in native form (Fig. 3 , plate G) excludes the possibility that the swelling was caused by a DHS-like reaction. We surmise that the observed swelling might be a consequence of the toxic properties associated with lipid A (9) or an unspecific T-cell reaction (7). It should be noted, however, that in some of the uninfected calves both the artificial octasaccharide glycolipids and the lactobiosyl glycolipid caused some swelling (Table 1) . These slight reactions are likely to be caused by unspecific irritation of the dermis induced by the detergent-like properties of these molecules.
The possibility that the observed skin reactivity could be caused by trace amounts of contaminating proteins was excluded by the characterization of injected antigens (see above). Furthermore, we showed by titrating outer membrane proteins, e.g., porins with molecular weights of 34,000 to 36,000, in skin tests (doses ranging from 0.025 to 250 ,ug; serial 10-fold dilution steps) that a minimal dose of 5 ,ug of protein is required to elicit an increase of .1 mm in double skin fold thickness (unpublished data). Our chemical analyses and ELISA inhibition results failed to detect any protein contamination ('0.01 ,ug/mg of LPS or glycoconjugate). Thus, the protein content in injected LPS preparations can not have exceeded 0.5 ,ug. It has also been observed that trace amounts of protein bound to nucleic acids can immunize and sensitize experimental animals (22) . Nucleic acids were absent from our preparations, as evidenced by the lack of ribose and deoxyribose in the sugar and methylation analyses and by the lack of signals characteristic of these sugars in the nuclear magnetic resonance spectra (Fig. 2) . The absence of detectable proteins and nucleic acids excludes protein-nucleic acid complexes as the reactive immunogen in eliciting the skin reactions. Again, such an interpretation can not explain the specificity in the reactivity, which must be attributed to the 0-antigen structures.
All of the infected calves responded with antibody titers against the S. typhimurium SH4809 LPS antigen which, on an average, were more than 100-fold higher than those seen before infection (0.0025 < P < 0.005) ( Table 1 ). This is in accordance with observation in herds in which the salmonellosis was acquired in the stables (J. A. Robertsson, et al., in press). There was no correlation between the antibody titers and the size of the skin swelling ( Table 1) . The inability to transfer the skin reactiveness with sera collected from infected calves and filtered free of blood cells supports the notion that the antibody titers have no relation to the delayed skin reactions.
Skin test responses classified as DHS after a Salmonella infection have been seen in cattle (1, 4) and in mice (17) . In those instances either whole bacteria or ribosomal preparations have been used as test antigens. Therefore, no information could be obtained about which bacterial component(s) elicited the DHS reactions. To our knowledge this is the first time that DHS skin test responses have unequivocally been demonstrated to be directed against the 0-antigen polysaccharide from Salmonella bacteria. In vitro tests using stimulation of peripheral blood lymphocytes from infected calves verify that Salmonella-infected cattle develop specific cellular reactivity against both the 0-polysaccharide chain of the LPS and the porin (19) . Although the specific skin test responses studied here were attributed to the 0-polysaccharide chain, it is evident that skin reactions against other Salmonella structures can be found. Thus, we have observed that a purified outer membrane protein fraction (porins with molecular weights of 34,000 and 36,000) also elicits a delayed skin reaction when injected intracutaneously in S. typhimurium-infected calves. We have also found that the increase in double fold skin thickness is larger when the antigen contains both LPS and porins than when using killed bacteria (1) or a crude extract (19) .
